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ABSTRACT 


This  paper  describes  an  experimental  investigation  of  “slow”  active  control  of  combustion  instabilities  by 
changing  the  liquid  fuel  spray  properties.  Such  control  approach  whose  characteristic  time  is  generally 
much  longer  than  that  of  the  period  of  the  unstable  oscillations  needs  “one  time”  variation  of  control  inputs 
in  response  to  changes  in  engine  operating  conditions.  Using  two  types  of  fuel  injectors  that  can  produce 
large  controllable  variation  of  fuel  spray  properties,  this  study  examined  the  dependence  of  acoustics- 
combustion  process  coupling,  i.e.,  the  driving  of  combustion  instabilities  upon  liquid  fuel  spray  droplet 
size,  which  affects  the  characteristic  combustion  time  and,  thus,  the  coupling  between  the  acoustics  and  the 
combustion  process.  It  was  demonstrated  that  changing  the  spray  characteristics  significantly  damps  the 
instabilities.  The  results  of  this  study  strongly  suggest  that  “slow”  active  control  of  the  fuel  spray  droplet 
sizes  with  advanced  injectors  in  real  engines  could  be  used  to  prevent  the  onset  of  detrimental  combustion 
instabilities. 


INTRODUCTION 

Combustion  instabilities  have  been  observed  in  numerous  propulsion  systems,  gas  turbines  and  industrial 
burners  that  burn  liquid,  gaseous  and  solid  fuels.  The  large  amplitude  pressure  oscillations  that  accompany 
these  instabilities  excite  structural  vibrations  in  the  combustor  and  its  supports,  and  enhance  heat  transfer  to 
the  combustor  walls.  Individually  or  together,  these  processes  reduce  the  combustor  lifetime  and  often  lead 
to  catastrophic  combustor  failure  [1],  Therefore,  the  onset  of  detrimental  combustion  instabilities  must  be 
prevented  or,  at  least,  minimized. 

Combustion  instabilities  generally  occur  when  energy  supplied  to  one  or  more  acoustic  modes  of  the 
combustor  by  the  combustion  process  exceeds  the  damping  of  these  modes  by,  e.g.,  acoustic  energy 
radiation  through  the  nozzle  and  viscous  dissipation.  Their  driving  depends  upon  the  feedback-like 
coupling  between  the  chamber  acoustics  and  combustion  processes.  These  acoustic-mode  feedback 
mechanisms  that  drive  the  instabilities  can  be  divided  into  two  categories  [2,3]:  injection  coupled  and 
intrinsic  mechanisms.  Injection  coupled  instabilities  are  determined  by  periodic  variation  in  the  reactant 
injection  rates  and  spray  properties  driven  by  acoustic  oscillations  in  the  combustor.  On  the  other  hand,  the 
interactions  between  oscillatory  flow  and  heat  release  processes  play  a  decisive  role  on  intrinsic  mechanism 
and  the  oscillations  of  propellant  injection  rate  are  negligibly  small  in  this  case.  This  also  occurs  in  the 
injection-coupled  mechanism. 

In  many  cases  the  acoustic-coupled  combustion  instabilities  involve  large-scale  oscillations  of  the  flame 
front  downstream  near  flameholder.  In  certain  conditions  the  amplitude  of  the  flow  motion  becomes  so 
large  that  the  flame  front  rolls  up  into  periodic  discrete  vortices  that  enhance  propellant  mixing. 
Consequently,  more  intense  burning  takes  place  and  the  acoustic  fluctuation  associated  with  this  process 
triggers  the  shedding  of  a  new  vortex  and,  thus,  the  whole  process  is  repeated  periodically  [4],  Therefore, 
the  vortices  also  play  an  essential  role  in  the  mechanism  of  instability.  In  order  to  reduce  the  likelihood  of 
the  combustor  becoming  unstable,  i.e.,  to  prevent  injection  and/or  intrinsic  coupling,  one  must  either 
increase  the  damping  and/or  decrease  the  combustion  process  driving  by  whatever  means  possible. 

In  practice,  efforts  to  prevent  instabilities  generally  attempt  to  increase  the  system’s  damping  by,  e.g.,  the 
addition  of  Helmholtz  resonators  or  acoustic  liners,  and/or  reduction  of  the  combustion  process  driving  by 
modification  of  the  combustion  process  by,  e.g.,  increasing  the  pressure  drop  across  fuel  injector  orifices  to 
reduce  the  sensitivity  of  the  fuel  injection  rate  to  combustor  oscillations.  Another  method  that  has  been 
used  to  prevent  combustion  instabilities  involves  modification  of  the  combustor  geometry  by,  e.g.,  welding 
of  baffles  to  the  injector  face  in  order  to  change  its  acoustic  properties  and,  thus,  prevent  the  excitation  of 
unstable  modes  (i.e.,  those  that  can  couple  with  the  combustion  process).  Unfortunately,  development  of 
these  passive  control  approaches  [3,5]  is  costly  and  time-consuming,  and  it  is  generally  effective  for  a 
specific  combustor  design  and/or  a  limited  range  of  operating  conditions.  Consequently,  interest  in 
developing  active  control  systems  [6]  that  could  be  effectively  applied  to  various  combustion  systems  over 
wide  ranges  of  operating  conditions  has  increased  in  recent  years. 

One  of  the  most  promising  active  control  approaches  damps  combustion  instabilities  by  modulating  the 
fuel  injection  rate  at  the  frequency  of  the  instability  with  proper  control  phase  and  gain  in  an  effort  to 
produce  an  “out  of  phase”  heat  release  with  respect  to  the  pressure  oscillations  [7,8],  This  is  often  referred 
to  as  a  “fast”  active  control  approach  because  it  “operates”  the  actuator  at  the  frequency  of  the  instability. 
Its  application  in  airborne  engines  would  require  light,  durable  and  robust  fuel  injectors  capable  of 
continuously  modulating  the  fuel  injection  rate  at  high  frequency  without  failure.  However,  developing 
such  fuel  injector  actuators  (FIA)  is  currently  difficult.  Therefore,  there  is  a  need  for  developing  alternate, 


“slow”  active  control  approaches  [9,10]  that  do  not  employ  continuous,  high  frequency  modulation  of  the 
fuel  injection  rate.  In  contrast  to  the  “fast”  active  control,  the  “slow”  active  control  operates  at  a  rate 
commensurate  with  that  at  which  operating  conditions  change  within  the  combustor.  While  the  former 
requires  continuous  modulation  of  the  fuel  flow  rate,  the  latter  needs  infrequent  activation  of  the  system  in 
response  to  changes  in  engine  operating  conditions.  For  example,  since  the  combustion  instabilities 
generally  occur  when  the  acoustic  time  is  of  the  same  order  of  magnitude  as  the  characteristic  combustion 
time,  these  instabilities  could  be  prevented  if  the  combustion  time  could  be  changed  (one  time)  by,  e.g., 
changing  the  spray  properties,  to  eliminate/weaken  the  coupling  between  the  combustion  and  acoustic 
oscillations  that  drives  the  instability. 

Considerations  of  the  mechanisms  that  drive  combustion  instabilities  indicate  that  the  process  is 
controlled  by  two  characteristic  times:  i.e.,  the  acoustic  and  combustion  times.  The  acoustic  time  is  the 
period  of  unstable  acoustic  mode  and  the  combustion  time  in  liquid  fueled  combustors  is  loosely  defined  as 
the  time  required  to  bum  a  fuel  droplet  of  a  given  size.  It  generally  “consists’  of  the  atomization, 
vaporization,  mixing  and  chemical  kinetic  times.  The  acoustic  period  is  the  inverse  of  the  frequency  of 
acoustic  mode,  which  depends  on  the  combustion  chamber  geometry,  boundary  conditions  and  the  gas 
temperature  (controlled  by  the  global  combustor  equivalence  ratio).  These  design  parameters  and  operating 
conditions  are  generally  controlled  by  other  system  performance  requirements  that  cannot  be  readily 
modified  in  an  effort  to  stabilize  the  combustor.  Since  the  combustion  time  is  generally  dominated  by  the 
droplet  vaporization  time  and  in  unstable  combustors  is  of  the  order  of  the  acoustic  time  [11,12],  it  is 
possible  that  “slow”  active  control  of  the  fuel  spray  droplet  properties  may  change  the  combustion  time 
and,  thus,  reduce  the  driving  of  the  instability  by  the  combustion  process,  resulting  in  system  stabilization. 

As  indicated  above,  the  spray  droplet  sizes  and  velocities  produced  by  the  atomizer  play  a  significant  role 
in  driving  and  damping  combustion  instabilities.  This  is  because  the  initial  droplet  size  has  a  primary  effect 
on  the  vaporization  time  that  is  described  as  r^-law  even  though  it  is  based  upon  quasi-steady  arguments 
[1 1],  Furthermore,  the  time  delay  between  the  injection  and  the  combustor  location  where  a  given  droplet 
bums  and  releases  its  energy  depends  upon  the  initial  droplet  size  and  velocity,  and  the  oxidizer  flow 
velocity.  These  arguments  are  supported  by  the  theoretical  indication  showing  that  axial  combustion 
instabilities  may  be  promoted/suppressed  if  the  combustion  time  is  close  to  an  odd/even  multiple  of  the 
half-period  of  the  acoustic  oscillation  [13].  These  arguments  again  suggest  that  a  slow  active  controller 
that  modifies  the  spray  droplet  properties  in  response  to  changes  in  engine  operating  conditions  (in  order  to 
change  the  characteristic  combustion  time)  could  be  effectively  used  to  prevent  the  onset  of  combustion 
instabilities. 

This  paper  describes  an  experimental  investigation  of  the  suppression  of  combustion  instabilities  by 
controlling  the  atomizing  properties  in  liquid-fueled  combustors.  The  main  objective  of  this  study  was  to 
develop  an  understanding  of  the  performance  of  novel  “slow”  active  control  approaches  that  are  employed 
to  suppress  combustion  instabilities  in  liquid-fueled  combustors.  Specifically,  this  experimental  study 
investigated  the  acoustics-combustion  process  coupling  and,  thus,  the  driving  of  combustion  instabilities 
upon  the  fuel  spray  characteristics,  which  affects  the  characteristic  combustion  time.  To  attain  this  goal, 
two  different  types  of  fuel  injectors  were  used:  1)  a  novel  internally  mixed  liquid  fuel  injector  with  a 
vaporizing  element  and  2)  a  proprietary  fuel  injector  (Nanomiser™)  developed  by  MicroCoating 
Technologies.  They  differed  markedly  in  the  operating  mechanisms  for  producing  large  controllable 
variation  of  fuel  spray  properties  to  suppress  the  instabilities.  While  the  latter  controlled  the  liquid  fuel 
spray  properties  by  varying  electric  power  input  into  the  injector,  the  former  did  it  by  changing  the  mass 
flow  rate  ratio  of  the  atomizing  air  stream  to  the  liquid  fuel  into  the  injector’s  mixing  tube.  In  a  parallel 
effort,  to  determine  the  effect  of  the  proposed  control  approach  at  the  different  frequencies  of  excited 
acoustic  modes,  this  study  used  various  combustor  lengths  that  exhibited  instabilities  in  the  250  ~  600  Hz 
range. 


TEST  I  (Internally  Mixed  Liquid  Atomizer  With  a  Vaporizer  Unit) 

This  section  describes  an  experimental  investigation  of  “slow”  active  control  of  combustion  instabilities 
using  an  internally  mixed  liquid  atomizer  with  a  vaporizer  unit.  At  this  test  setup,  the  supply  pressures  of 
both  the  liquid  fuel  and  the  atomizing  air  were  manipulated  independently  to  control  the  fuel  spray 
properties  over  a  wide  range.  Additionally  the  combustor  geometry  was  varied  by  progressively  changing 
the  length  of  the  combustor  (primary  air  intake  pipe)  and,  thus,  it  allows  the  study  of  instabilities  at 
different  frequencies. 

Experimental  Facilities 


A  schematic  diagram  of  the  test  facility  that  was  used  in  this  study  is  shown  in  Fig.  1.  The  facility 
consisted  of  air  and  fuel  supply  systems,  a  quartz  combustor  and  diagnostic  systems,  which  possessed 
extensive  capabilities  for  oscillating  pressure  and  reaction  rate  measurements. 

A  schematic  of  the  investigated  combustor  is  also  shown  in  Fig.  2.  The  combustor  consisted  of  a  quartz 
tube  and  a  conical  flame  holder  that  incorporated  an  internally  mixed  air  assisted  atomizer  and  a  vaporizer. 
The  quartz  tube  had  a  60  mm  inside  diameter,  a  thickness  of  2.5  mm,  and  a  length  of  260  mm.  The  flame 
holder’s  diameter  was  34  mm  at  the  tip  and  its  half  angle  equaled  60°.  The  diameter  of  the  vaporizer  was  27 
mm.  In  order  to  control  the  velocity  of  fuel  droplets,  the  width  of  the  annular  passage  between  the  flame 
holder  and  the  vaporizer  could  be  varied  between  0.5  and  3  mm.  In  this  study,  the  fixed  width  of  1  mm  was 
used. 

It  forms  a  fuel  spray  by  mixing  liquid  fuel  and  secondary  (atomizing)  air  in  a  liquid/air  mixing  tube 
(emulsion  tube).  The  generated  spray  impinges  upon  a  hot  vaporizer  plate,  on  top,  as  it  flows  towards  the 
combustor,  resulting  in  partial  evaporation  of  the  fuel  in  the  spray.  The  resulting  spray  then  enters  the 
combustor  through  the  annular  passage  between  the  vaporizer  plate  and  the  conical  flame  holder. 
Combustion  occurs  when  the  spray  mixes  with  the  primary  air  stream  that  enters  the  combustor  through  the 
annular  opening  between  the  combustor  wall  and  conical  flame  holder.  By  controlling  the  relative  amount 
of  the  secondary  (atomizing)  airflow  rate,  it  is  possible  to  control  the  spray  properties  (i.e.,  fuel  droplet  size 
and  velocity)  and,  thus,  the  combustor  stability. 

All  of  the  reported  tests  were  performed  with  liquid  n-heptane  (CvH^)  supplied  from  a  fuel  tank 
pressurized  to  1,000  psi.  Airflow  was  divided  into  two  parts:  primary  air  and  secondary  air.  The  former  was 
supplied  directly  into  the  combustion  region  and  the  latter  was  used  as  an  atomizing  agent  in  the  internally 
mixed  atomizer.  The  secondary  air  stream  was  introduced  into  the  combustor  together  with  fuel  spray. 
Arrangements  were  made  to  assure  that  the  overall  combustor  equivalence  ratio  was  kept  constant,  i.e.,  the 
total  airflow  rate  into  the  combustor  remained  fixed  as  the  secondary  flow  rate  was  changed  to  control  the 
spray  properties.  In  addition,  the  primary  air  intake  pipe  length  could  be  continuously  varied  from  510  mm 
up  to  850  mm  by  use  of  a  ‘3-piece  telescope’-like  design  to  provide  capabilities  for  changing  the 
frequencies  of  the  natural  acoustic  modes  of  the  combustor.  The  unstable  combustor  pressure  oscillations 
were  measured  using  a  piezo-electric  pressure  sensor  (Kistler-21 1B5)  located  close  to  the  bottom  plate  of 
primary  air  intake  pipe. 

The  fuel  flow  rate  was  kept  constant  at  mf=  0.47  g/sec.  The  total  airflow  rate  was  17.2  g/sec  at  40  °C. 
This  resulted  in  a  constant,  overall  combustor  equivalence  ratio  of  </>=  0.41.  The  secondary  airflow  rate  was 
varied  between  0.3  g/sec  and  1  g/sec.  These  values  were  adjusted  by  controlling  the  supply  pressure  at  the 
fuel  nozzle  in  the  range  of  40  ~  50  psi  and  the  secondary  air  supply  pressure  between  2  and  13  psi. 

Results  and  Discussion 

To  determine  the  dependence  of  the  characteristics  of  the  instabilities  upon  the  injector’s  operating 
conditions  and,  thus,  spray  properties,  the  dependence  of  the  characteristics  of  the  instability  upon  the 
air/fuel  mass  ratio  (AFR)  inside  the  injector’s  mixing  tube  was  investigated  in  the  250  ~  600  Hz  frequency 
range. 

Typical  dependence  of  the  amplitude  and  frequency  of  the  instabilities  upon  the  AFR  is  presented  in  Fig. 
3.  The  two  sets  of  pressure  amplitude  spectra  were  obtained  for  two  different  air  intake  duct  lengths  of  Ld= 
520  mm  and  840  mm  (shown  in  Fig.  3-a  and  3-b,  respectively)  as  the  AFR  varied  from  0.62  to  2.05.  The 
length  of  a  quartz  combustor  was  same  in  all  the  experiments  (i.e.,  260  mm).  For  the  Configuration  Number 
I  (Ld=  520  mm),  the  observed  frequency  of  the  pressure  oscillations  was  nearly  constant  (f  =  410  Hz, 
which  corresponds  to  a  3/4-wave  length  of  the  combustor)  in  the  entire  range  of  AFR  variation.  The 
amplitude  of  the  peak  varied,  however,  significantly.  At  the  AFR  =  0.62  ~  1.5,  the  amplitude  of  the  peak 
did  not  significantly  exceed  the  background  level  of  the  spectra,  indicating  the  presence  of  low  or 
negligible  amplitude  instabilities  in  this  range.  As  the  AFR  increased  from  1.64  to  2.05,  the  instability 
amplitude  increased,  and  at  AFR  =  1.85  and  2.05  a  distinctive  peak  was  clearly  observed  and  combustion 
process  could  be  characterized  as  unstable.  More  complicated  behavior  was  demonstrated  in  the  tests  with 
Configuration  Number  II  (Ld  =  840  mm).  In  this  case,  when  the  AFR  was  in  the  0.64  ~  2.05  range,  two 
acoustic  modes  were  observed.  As  the  AFR  varied  from  0.62  to  1.64,  the  3/4-wave  mode  of  290  Hz  was 
dominant.  As  the  AFR  was  further  increased  to  the  1.85  ~  2.05  range,  the  amplitude  of  this  mode 
diminished  and  the  5/4-wave  mode  of  460  Hz  became  dominant.  The  distinctive  peaks  of  the  3/4  or  5/4- 
wave  modes  were  observed  in  the  entire  investigated  range  of  AFR  variation  from  0.62  to  2.05. 

Variations  of  the  frequency  and  amplitude  of  the  two  main  acoustic  modes  (3/4  and  5/4-wave)  of  the 
investigated  combustor  for  fixed  spray  properties  are  shown  in  Fig.  4.  These  data  were  obtained  with  a 


constant  AFR  =  2.05  as  the  air  inlet  duct  length  was  gradually  reduced  from  840  mm  to  520  mm.  The 
frequencies  of  the  both  acoustic  modes  varied  in  accordance  with  the  length  of  the  combustor.  The 
frequency  of  the  3/4-wave  mode  increased  from  290  Hz  to  430  Hz  and  frequency  of  the  5/4-wave  mode 
increased  from  460  Hz  to  600  Hz.  As  frequency  of  the  peaks  changed,  their  amplitude  also  changed,  clearly 
indicating  the  presence  of  the  maximum  amplitude  value  at  the  specific  frequency. 

Results  similar  to  that  shown  in  Fig.  3  and  4  are  summarized  in  Fig.  5.  Each  set  of  data  obtained  with  a 
given  injector  operating  conditions  was  curve  fitted  in  this  figure.  Such  set  of  data  describes  measured 
changes  in  the  amplitude  and  frequency  of  the  instability  resulting  from  changing  the  primary  air  inlet  duct 
length  while  keeping  the  AFR  in  the  injector’s  mixing  tube  fixed.  This  result  shows  that  for  a  given  injector 
operating  condition,  there  exists  combustor  configuration  (and,  thus,  frequency)  at  which  the  amplitude  of 
the  instability  attains  a  maximum.  The  position  of  this  maximum  strongly  depends  on  the  AFR  value, 
which  controls  the  fuel  spray  properties.  The  frequency  of  the  maximum  instability  magnitude  shifted  to 
lower  values  as  the  AFR  decreased  (i.e.,  as  the  spray  droplets  sizes  increased).  For  example,  when  a  fine 
spray  (AFR  =  2.05)  was  produced,  the  instability  was  maximized  at  425  Hz,  and  as  the  spray’s  droplet  sizes 
increased  (AFR  =  1.64)  the  maximum  shifted  to  340  Hz.  With  a  very  coarse  spray  (AFR  =  0.62)  the 
expected  frequency  of  the  instability  became  250  Hz.  Analysis  of  the  data  in  this  figure  also  shows  that  it  is 
possible  to  completely  damp  an  instability  by  changing  the  AFR  of  a  given  combustor  configuration.  For 
example,  for  a  combustor  configuration  that  produced  a  400  Hz-instability,  decreasing  the  AFR  from  1.85 
to  1 .64  effectively  reduced  the  amplitude  of  the  instability  to  almost  zero,  thus  damping  the  instability  (see 
the  arrow  “active  control”  in  Fig.  5). 

TEST  II  (Nanomiser™) 

This  section  describes  an  experimental  investigation  of  “slow”  active  control  of  combustion  instabilities 
using  a  proprietary  fuel  injector  (Nanomiser™).  The  effect  of  the  spray  properties  upon  combustion 
instabilities  in  four  different  length  combustors  (and,  thus,  different  acoustic  properties)  was  studied.  The 
size  and  velocity  distributions  of  the  fuel  droplets  were  measured  under  cold  flow  conditions  using  a  phase 
Doppler  particle  analyzer  and  the  characteristics  of  these  spays  were  then  correlated  with  the  instability 
characteristics  determined  by  the  deconvolution  of  selected  phase-locked  CH*-chemiluminescence  images 
and  pressure  data. 

Experimental  Facilities 

The  experimental  facility  shown  in  Fig.  6  was  used  in  this  study  to  investigate  “slow”  control  of 
combustion  instabilities.  The  facility  consisted  of  air  and  fuel  supply  systems,  a  combustor  that  integrated 
an  atomizer,  and  diagnostic  systems,  which  possessed  extensive  capabilities  for  the  spray  characterization 
and  flame  visualizations  in  addition  to  the  diagnostic  instruments  used  in  the  Test  I. 

A  schematic  of  the  investigated  combustor  is  shown  in  Fig.  7.  It  consisted  of  MCT’s  Nanomiser™,  an  air 
supply  system,  a  conical  flame  holder,  and  a  quartz  combustor  tube  open  at  its  downstream  end.  The 
Nanomiser™  can  control  its  spray  properties  by  varying  electric  power  input  into  the  injector.  Additional 
details  of  this  injector  are  not  provided  due  to  proprietary  issues.  Instead,  this  paper  briefly  describes  the 
performance  of  this  atomizer  measured  in  cold  flow  tests. 

Liquid  fuel,  n-heptane  (C7HI6),  pressurized  to  1,200  psi,  was  supplied  to  the  Nanomiser  ,  which  was 
centered  in  the  air  supply  system  at  the  upstream  end  of  the  combustor.  The  high  pressure  forced  the  fuel  to 
move  through  the  capillary  tube  of  the  injector  that  was  connected  to  a  power  supply.  Spray  properties  were 
varied  by  adjusting  the  power  input  to  the  Nanomiser™. 

A  two-stage  fuel/air  mixing  process  was  used.  One-third  of  the  airflow  was  directly  injected  with  swirl 
into  the  liquid  spray  through  a  set  of  tangentially  oriented  orifices,  and  the  remaining  two-thirds  of  the  air 
was  supplied  into  the  flame  region  through  the  annular  opening  around  the  periphery  of  the  conical  flame 
holder.  The  total  airflow  rate  was  15  g/sec  at  300  K,  and  the  maximum  fuel  flow  rate  was  1  g/s.  The  use  of 
a  quartz  combustor  tubes  allowed  optical  access  to  the  flame.  The  tubes  inside  diameter  and  thickness  were 
42  mm  and  1.5  mm,  respectively,  and  tests  were  conducted  with  combustor  lengths  of  390,  500,  610  and 
720  mm  in  order  to  investigate  different  instability  frequencies. 

Diagnostic  Techniques 

1 .  Phase  Doppler  Particle  Analyzer  (PDPA) 

In  order  to  determine  the  relationships  between  the  fuel  droplet  diameters  and  velocities,  and  frequencies 
of  excited  instabilities,  an  Aerometrics  Phase  Doppler  Particle  Analyzer  (PDPA)  system  was  used  in 
addition  to  the  diagnostic  instruments  used  in  the  “fast”  active  control.  This  system  determined  the 


dependence  of  the  generated  spray  properties  upon  the  power  input  to  the  Nanomiser™.  The  PDPA  used 
an  argon-ion  laser  that  provided  a  2-Watt  green  laser  light  at  a  wavelength  of  514.5  nm.  A  transmitting 
lens  with  a  focal  length  of  300  mm  and  a  receiving  lens  with  a  focal  length  of  750  mm  were  used  in  the 
optical  path  of  the  PDPA.  The  receiver  was  oriented  at  30  degrees  forward  scattering  position  with  respect 
to  the  transmitter,  to  gather  light  scattered  by  the  droplets.  The  PDPA  could  measure  droplet  sizes  in  the  0.7 
pm  to  220  pm  range.  Both  the  transmitter  and  the  receiver  were  mounted  on  a  stationary,  rigid  platform, 
while  the  combustor  was  mounted  on  a  traversing  mechanism  able  to  precisely  move  along  three  mutually 
perpendicular  coordinates,  thus  providing  the  capability  to  place  any  point  in  the  spray  at  the  intersection  of 
the  laser  beams. 

2.  Pressure  Sensor 

The  unstable  combustor  pressure  oscillations  were  measured  using  an  air-cooled  piezo-electric  pressure 
sensor  (Kistler-21 1B5).  It  was  located  close  to  the  flame  holder  in  order  to  detect  the  maximum  acoustic 
pressure  amplitude  since  the  instabilities  excited  the  quarter-wave  mode  of  the  combustor. 

3.  High-speed  Photography 

Combustion  zone  chemiluminescence  was  measured  to  determine  the  temporal  and  spatial  dependence  of 
the  unstable  combustion  processes.  This  can  be  done  because  the  intensity  of  the  reaction  rate  is 
proportional  to  the  magnitude  of  the  chemiluminescence.  The  emission  spectra  of  hydrocarbon  flames 
generally  consist  of  several  quantum  systems  of  bands  that  are  superimposed  on  a  continuous  background. 
In  this  study,  the  characteristics  of  the  combustion  process  were  determined  from  measurements  of  CH* 
radicals  radiation  from  the  flame  at  431.5  nm  [14] 

The  flame  chemiluminescence  was  acquired  by  high-speed  photography  of  the  combustion  zone.  This 
was  performed  with  a  Kodak  EktaPro  Intensified  Imager  Camera.  This  camera  is  capable  of  operating  with 
up  to  12,000  Hz  with  a  controllable  shutter  speed,  with  1/12  of  the  full  resolution  (239x192  pixels).  Lower 
frame  rate  provides  higher  resolution.  For  example,  the  maximum  allowable  resolution  is  239x32  pixels 
when  the  frame  rate  is  set  as  6,000  Hz.  An  image  is  stored  as  an  8-bit  bitmap  image,  i.e.,  each  pixel  has  an 
integer  value  between  0  and  255.  With  the  fixed  resolution  of  239x32  pixels,  each  image  was  captured 
using  a  triggered  signal  whose  frequency  was  about  10  times  higher  than  the  frequency  of  instability,  thus 
providing  about  10  images  per  period  of  the  oscillations.  This  system  also  provides  a  TTL  output  signal, 
whose  maximum  and  minimum  equal  around  5  and  0  volts  when  the  shutter  is  open  and  closed, 
respectively.  Thus,  the  measured  combustor  pressure  signal  was  readily  synchronized  with  the  instants  at 
which  chemiluminescence  was  measured.  The  camera  recorded  the  optical  emissions  of  the  combustion 
region  after  they  passed  through  a  narrow  band  pass  interference  filter  centered  at  X  =  430±5  nm, 
corresponding  to  the  CH*-chemiIuminescence. 

4.  Deconvolution  Methods 

The  images  obtained  by  the  above  described  procedure  represent  measured  intensities  that  were 
integrated  along  the  line-of-sight  of  the  CH*-chemiluminescence.  To  understand  the  radial  distribution  of 
combustion  process  heat  release,  the  recorded  images  had  to  be  deconvoluted.  The  Abel  transform  method 
[15]  was  used  to  reconstruct  the  actual  two-dimensional  dependence  of  the  reaction  rate  from  the  recorded 
data.  For  this  purpose,  the  flame  image  was  artificially  manipulated  to  be  rotationally  symmetric  with 
respect  to  the  centerline  of  combustor,  as  averaging  the  intensities  that  were  in  the  same  axial  location  and 
had  same  radius.  The  deconvolution  process  also  assumed  that  the  absorption  effects  were  negligible;  i.e., 
none  of  the  light  radiation  emitted  within  the  solid  angle  of  the  collector  was  absorbed  by  the  surrounding 
media  prior  to  reaching  the  detector. 

5.  Photomultiplier  Tube  Detector 

To  confirm  the  validity  of  the  results  obtained  by  analysis  of  the  high-speed  images,  the  time  dependence 
of  the  heat  released  at  various  axial  locations  along  the  flame  was  determined  from  measurements  of  the 
spatial  dependence  of  CH*  radicals  (X  =  431.5  nm)  chemiluminescence  [14].  This  method  is  based  on  the 
existence  of  proportionality  between  the  intensity  of  the  luminescence  and  the  reaction  rate  of  the 
combustion  process.  This  was  measured  using  a  setup  consisting  of  a  Photo  Multiplier  Tube  (PMT),  a 
narrow  band  pass  interference  filter  centered  at  wavelength  X  =  430±5  nm  and  an  appropriate  system  of 
lenses  and  apertures.  This  system  limited  the  PMT’s  instantaneous  line  of  sight  to  a  3  mm  thick  cross- 
section  of  the  reaction  zone.  The  PMT  setup  was  mounted  on  the  remotely  controlled  support  system  and 
moved  upwards  or  downwards  with  a  velocity  of  about  2.5  mm/s  along  the  combustor  as  it  measured  the 
spatial  dependence  of  the  CH*  chemiluminescence.  The  phase  of  the  oscillatory  CH*  chemiluminescence 
was  determined  in  reference  to  the  measured  pressure.  The  PMT  and  pressure  signals  and  a  signal 
indicative  of  the  PMT  sight  position  were  acquired  and  sampled  by  a  computerized  data  acquisition  system. 


The  sampling  rate  and  total  scanning  time  were  adjusted  to  permit  accurate  FFT  analysis  of  the  signals 
measured  along  the  combustion  zone. 

Results  and  Discussion 


1.  Cold  Flow  Experiments 

This  section  describes  the  results  of  the  cold  flow  tests  that  characterized  the  Nanomiser™  sprays.  To 
describe  the  operating  mode  of  the  Nanomiser™,  its  power  input  was  normalized  by  the  power  that 
completely  vaporizes  the  supplied  fuel  flow  rate.  This  normalized  parameter  is  described  by  the  following 
expression: 


NIP  = 


AIP 


(1) 


m,[kM+C(T„-T.)] 

where  NIP  and  AIP  are  the  normalized  and  actual  injector  power  input,  respectively,  nif  is  fuel  flow  rate, 
hfg  is  the  heat  of  vaporization,  C  is  specific  heat,  and  T„  and  Tboil  are  initial  and  boiling  temperatures  of 
liquid  n-heptanc,  respectively.  These  cold  flow  tests  were  conducted  “in  the  open”  by  removing  the  swirler, 
flame  holder  and  quartz  tube;  i.e.,  only  the  injector  was  installed  on  the  traverse  and  no  additional  air  was 
injected  around  the  injector.  Thus,  the  sprays  were  generated  in  different  flow  environments  in  the  “open” 
and  “confined”  tests.  However,  once  the  fuel  spray  was  injected  into  the  “confined”  configuration  (i.e., 
combustor),  it  mixed  with  the  swirling  airflow  whose  direction  was  approximately  normal  to  the  spray  flow 
direction.  Consequently,  the  effect  of  initial  velocity  of  fuel  droplets  upon  the  vaporization  time  (i.e., 
characteristic  combustion  time)  could  be  much  smaller  than  that  of  fuel  droplet  size.  It’s  also  expected  that 
the  droplet  size  distributions  near  the  injector  tip  in  both  configurations  would  be  almost  identical. 

The  spray  investigated  had  the  appearance  of  a  jet  at  low  NIP  values  of  up  to  approximately  0.2.  Under 
these  conditions,  the  PDPA  could  not  properly  measure  droplet  diameters  because  the  spray  was  too  dense. 
On  the  other  hand,  for  NIP  >  0.6,  there  were  not  enough  droplets  in  the  spray  to  allow  its  reliable 
characterization  by  the  PDPA  since  a  large  fraction  of  the  droplets  vaporized.  Therefore,  the  cold  flow 
spray  characterization  could  be  only  performed  in  the  limited  NIP  range  of  0.2—0. 6,  where  the  spray  was 
sufficiently  dilute  to  allow  the  PDPA  to  measure  the  droplet  diameters  with  reasonable  accuracy.  Also,  the 
nearest  vertical  position  (z)  from  the  injector  tip  where  droplet  size  and  velocity  measurements  were 
possible  was  16  mm  due  to  the  PDPA  inability  to  make  measurements  in  dense  sprays.  Thus,  all  the 
measurements  were  taken  across  the  fuel  spray  (i.e.,  the  horizontal  x-axis  along  the  optical  axes  of  the 
PDPA  transmitter)  at  z  =  16  mm. 

Figure  8  shows  the  dependence  of  the  Sauter  mean  diameter  (SMD,  D32)  and  mean  axial  velocity  upon 
the  normalized  injector  power  input  for  m{-  0.75  g/s.  These  results  were  obtained  by  averaging  the  data 
measured  at  the  five  center  points  (x  =  -2,  -1,  0,  1,  2  mm),  where  x  =  0  corresponds  to  the  imaginary 
(because  the  spray  was  not  exactly  symmetric)  centerline  of  the  spray.  This  was  done  because  most  of  the 
liquid  volume  of  fuel  passed  through  this  narrow  region  of  about  5  mm  in  diameter.  Maximum  droplet’s 
diameters  were  observed  near  the  centerline  of  spray,  and  these  diameters  decreased  with  distance  towards 
the  spray  periphery.  Maximum  velocities  were  also  observed  near  the  centerline  and  these  velocities 
decreased  in  the  outward  direction.  Thus,  from  a  practical  point  of  view,  the  droplet  size  and  velocity 
measurements  taken  in  this  narrow  region  fully  characterized  the  spray  properties.  As  pointed  out  earlier, 
the  droplet  size  for  NIP  higher  than  0.6  could  not  be  measured,  and  only  velocity  measurements  were 
possible  for  these  conditions.  The  dashed  curve  in  Fig.  8  represents  a  second  order  extrapolation  of  the 
Sauter  mean  diameter  using  two  measured  data  points  and  D32(NIP=1)  =  0  because  the  droplet  size  should 
vanish  when  the  NIP  >  1.  While  the  mean  velocity  in  Fig.  8  shows  a  slight,  monotonic  increase  in  slope 
between  28  m/s  and  46  m/s,  the  droplet  size  monotonically  decreased  with  increased  injector  power  input. 
These  data  show  that  the  Nanomiser™  could  control  the  Sauter  mean  droplet  diameter,  D32  from  near  0  up 
to  150  pm  at  the  given  fuel  flow  rate  ( m{ -  0.75  g/s). 


2.  Characterization  of  Excited  Instabilities 

This  section  describes  the  dependence  of  the  instabilities  upon  the  fuel  spray  characteristics  and  acoustic 
properties  of  the  combustor.  Unless  otherwise  specified,  all  of  the  discussed  experiments  were  performed  at 
the  fixed  equivalence  ratio  of  <j>=  0.75,  with  constant  0.75  g/s.  and  mair=  15  g/sec.  This  operating 
condition  generally  resulted  in  both  stable  and  unstable  combustion  behaviors  depending  on  the  injector 
power. 

The  dependence  of  the  amplitude  and  frequency  of  the  instabilities  upon  the  NIP  is  presented  in  Fig.  9. 
The  four  sets  of  rms  pressure  amplitude  spectra  were  obtained  in  the  four  different  combustor  lengths  of 
390,  500,  610  and  720  mm  (shown  in  Fig.  9-a,  9-b,  9-c  and  9-d,  respectively)  as  the  NIP  varied  from  0  to 


0.9.  The  observed  frequency  of  the  pressure  oscillations  was  nearly  constant  for  each  combustor  length 
over  the  entire  NIP  range.  These  frequencies  approximately  equaled  523,  430,  350  and  315  Hz,  which 
correspond  to  a  quarter  wave  mode  of  the  given  combustor  length.  However,  Fig.  9  shows  that  the 
amplitude  of  the  instability  significantly  changed  as  the  NIP  was  varied. 

For  L  =  390  mm  (see  Fig.  9-a),  the  combustor  was  stable  when  NIP  <  0.45.  The  combustor  became 
unstable  as  the  NIP  increased  beyond  this  level  attaining  a  maximum  instability  amplitude  of  0.78  at  NIP  = 
0.61.  Figures  9-b  and  9-c  show  that  the  500  mm  and  610  mm  combustors  exhibited  similar  behavior.  These 
combustors  exhibited  various  levels  of  the  instabilities  at  very  low  NIP.  As  the  NIP  was  increased,  the 
amplitude  of  the  instabilities  decreased,  attaining  minimum  values  of  0.09  and  0.19  at  the  NIP  of  0.42  and 
0.39  for  combustor  lengths  of  500  mm  and  610  mm,  respectively.  As  the  NIP  was  further  increased, 
maximum  peak  of  rms  pressure  increased  and  reached  maximum  values  of  0.85  and  1.1  at  NIP  values  of 
0.58  and  0.5  for  L  =  500  mm  and  610  mm,  respectively.  These  amplitudes  diminished  thereafter.  In  tests 
with  the  longest  combustor  (i.e.,  L  =  720  mm,  see  Fig.  9-d),  the  trend  was  similar  to  that  exhibited  by  500 
mm  and  610  mm  combustors.  In  this  case,  however,  the  maximum  amplitude  did  not  significantly  exceed 
the  background  level  of  the  spectra  over  the  entire  NIP  conditions  (note  that  the  scale  of  pressure  amplitude 
used  in  Fig.  9-d  is  1/10  of  that  used  in  the  other  three  plots  in  Fig.  9),  indicating  the  presence  of  low  or 
negligible  amplitude  instabilities  in  this  combustor  and,  thus,  its  stable  operation  regardless  of  the 
magnitude  of  the  NIP.  These  results  suggest  that  for  fuel  droplets  Sauter  mean  diameters  D32  between  10 
pm  and  150  pm  and  combustor  frequencies  around  either  315  Hz  (1/4— wave  mode)  or  950  Hz  (3/4-wave 
mode),  coupling  between  heat  release  and  acoustic  oscillations  that  drives  instabilities  is  not  likely  to  occur 
due  to  the  “incompatibility”  between  the  corresponding  combustion  time  and  acoustic  times. 

Figure  10  shows  the  dependence  of  the  peak-to-peak  pressure  amplitude  upon  the  fuel  droplet  mean 
diameter  instead  of  the  NIP.  This  figure  effectively  summarizes  the  pressure  spectra  data  presented  in  Fig. 
9.  The  “conversion”  from  NIP  to  D32  was  accomplished  using  the  results  in  Fig.  8.  It  shows  that  the 
maxima  and  minima  of  the  amplitudes  of  the  instabilities  were  associated  with  certain  droplet  sizes.  They 
were  maximized  at  D32  =  32,  40,  62  and  68  pm,  and  minimized  at  D32=  86,  90,  104  and  130  pm  for 
combustor  lengths  of  390,  500,  610  and  720  mm,  respectively,  even  though  the  amplitudes  of  the 
oscillations  in  the  longest  combustor  (i.e.,  L  =  720  mm)  were  always  small.  For  example,  for  a  combustor 
length  of  500  mm  that  produced  a  430  Hz-instability,  decreasing  the  NIP,  which  corresponds  to  increasing 
D32  from  40  pm  to  90  pm,  dramatically  reduced  the  amplitude  of  the  instability  by  almost  90%,  indicating 
that  in  this  case  the  “slow”  active  control  essentially  damped  the  instability.  This  result  clearly  shows  that 
combustion  instabilities  could  be  controlled  by  “slow”  active  control  of  the  fuel  spray  properties  and  that 
changing  the  spray  droplet  sizes  could  be  used  to  attain  effective  control  of  instabilities. 

Finally,  the  relationship  between  the  combustion  zone  (or  flame)  structure  and  observed  instabilities  was 
also  studied.  Figure  1 1  presents  selected  deconvolution  images  of  the  flames  obtained  during  the  most 
unstable  and  stable  operations  of  the  500  mm  long  combustor  using  high-speed  photography  with  a  narrow 
band  pass  interference  filter  centered  at  X  =  430±5  nm,  corresponding  to  the  CH*-chemiluminescence. 
Each  window  size  is  42x120  mm,  with  the  bottom  of  the  window  corresponding  to  the  flame  holder 
location.  Each  image  was  provided  by  32x92  pixels.  The  number  of  each  picture  corresponds  to  a  specific 
phase  during  the  cycle.  These  phases  were  equally  spaced  and  synchronized  with  the  pressure  signals.  For 
convenience,  the  reference  pressure  signal  shown  in  this  figure  was  “idealized”  to  appear  a  sinusoidal. 

To  understand  the  spatial  distribution  of  combustion  process  heat  release,  the  recorded  line-of-sight 
images  were  deconvoluted.  The  line-of-sight  images  were  taken  at  a  frequency  about  10  times  higher  than 
the  frequency  of  instability  and  each  image  was  averaged  by  four  pictures  at  the  same  phase  before 
deconvolution.  The  Abel  transform  [15]  was  used  to  reconstruct  the  actual  two-dimensional  dependence  of 
the  reaction  rate  from  the  recorded  data.  For  this  purpose,  the  flame  image  was  artificially  manipulated  to 
be  rotationally  symmetric  with  respect  to  the  centerline  of  combustor,  as  averaging  the  intensities  that  were 
in  the  same  axial  location  and  had  same  radius.  The  deconvolution  process  also  assumed  that  the  absorption 
effects  were  negligible;  i.e.,  none  of  the  light  radiation  emitted  within  the  solid  angle  of  the  collector  was 
absorbed  by  the  surrounding  media  prior  to  reaching  the  detector.  The  noise  around  the  centerline  is 
typically  amplified  in  the  Abel  deconvolution  procedure  because  the  sensitivity  to  noise  increases  due  to 
the  decreased  volume  contributing  to  the  signal  [16,17].  Therefore,  the  intensities  of  one  vertical  set  of 
pixels  closest  to  the  centerline  were  smoothened  by  interpolation  with  the  adjacent  two  outward  pixels. 

It  is  noteworthy  that  vortex  structures  were  clearly  visible  in  the  deconvoluted  images.  Under  unstable 
operations  (see  Fig.  1 1-a),  the  strong  heat  release  was  observed  midway  between  the  centerline  and  the  wall 
at  a  location  around  20  mm  downstream  from  the  flame  holder  and  was  in  phase  with  the  pressure 
oscillations.  This  suggests  that  a  large  portion  of  fuel  burned  at  the  instance  of  maximum  pressure  in  this 


region,  which  corresponds  to  the  location  where  the  axial  velocity  was  nearly  zero  in  the  near  field  vortices. 
In  contrast,  when  the  combustor  was  stable,  (sec  Fig.  11-b)  the  flame  reaction  rate  was  nearly  constant 
during  the  entire  period  of  oscillations. 

The  Rayleigh  criterion  [18]  could  be  used  to  explain  how  to  change  the  combustion  process  heat  release 
to  reduce  the  likelihood  of  incurring  combustion  instabilities.  Figure  12  describes  the  spatial  dependence  of 
the  local  Rayleigh  index  along  the  500  mm  long  combustor  centerline  plane.  In  this  case,  the  mathematical 
representation  of  the  driving  by  the  combustion  process  is  given  by  the  following  expression: 

G  =  —  £  £  £ 2mp'(r,z,t)q'(r,z,t)drdzdt  (2) 

where  p  \  q\T,  L  and  R  are  the  combustor  pressure  and  heat  release  oscillations,  oscillation  period,  and 
combustor  length  and  radius,  respectively.  Thus,  the  local  Rayleigh  index  along  the  centerline  plane  was 
obtained  by  summing  (which  in  this  case  corresponds  to  averaging)  the  values  of  p’(r,z,t)q’(r,z,t)  « 
p’(t)q’(r,z,t)  at  each  of  the  10  sequential  pictures  in  Fig.  12-a  and  12-b  over  one  period  of  the  oscillations. 
The  white  background  in  this  figure  represents  the  neutral  regions  due  to  the  negligible  oscillating  heat 
release  amplitude.  During  unstable  operation,  the  Rayleigh  index  was  positive  over  the  entire  combustion 
region  when  the  NIP  >  0.6  and,  which  must  have  been  the  cause  of  the  strong  instability.  It  should  be  noted 
that  in  this  case  particularly  strong  driving  occurred  near  the  zero  axial  velocity  locations  of  the  vortices. 
On  the  other  hand,  the  Rayleigh  index  was  positive  in  some  flame  regions  and  negative  in  others  during  the 
stable  operation,  and  the  magnitudes  of  the  Rayleigh  index  were  relatively  low  due  to  the  small  magnitude 
of  the  pressure  oscillation  p’(t).  Those  regions  alternately  drove  and  damped  the  instability,  thus  preventing 
the  driving  of  a  strong  instability. 

To  demonstrate  the  “consistency”  of  the  results  obtained  by  the  high-speed  camera  and  deconvolution 
techniques,  it  was  also  compared  the  flame  characteristics  determined  by  the  high-speed  camera  (HSC)  and 
the  PMT  detector,  see  Fig.  13.  The  HSC  results  were  “converted”  to  describe  a  one-dimensional 
distribution  of  heat  release  along  the  mean  flow  direction  by  weighting  the  annular  volume  occupied  by 
each  pixel  in  Fig.  12.  In  the  PMT  measurements,  each  set  of  CH*-emissions  data  was  divided  into  50-60 
spatial  segments  and  the  data  from  each  segment  was  analyzed  by  FFT  to  determine  the  amplitude  and 
phase  of  the  CH*-emissions  in  this  segment.  Figure  13-a  shows  that  both  diagnostic  methods  provide 
roughly  the  same  heat  release  distribution.  The  slight  difference  in  the  magnitudes  provided  by  the  two 
methods  at  each  location  can  be  attributed  to  the  fact  that  both  sets  of  data  were  not  measured  at  the  same 
instance  due  to  their  different  total  sampling  time  requirements. 

Figure  13-b  shows  the  phase  distribution  obtained  by  the  PMT.  It  shows  that  the  phase  between  the  heat 
release  and  pressure  oscillations  experienced  small  variations  of  about  zero  degrees  during  the  unstable 
operating  condition.  On  the  other  hand,  the  phase  gradually  increased  from  0  to  nearly  360  degrees  along 
the  reaction  zone  during  stable  operation.  Figure  13-c  presents  the  spatial  dependence  of  local  Rayleigh 
index.  The  PMT  results  were  obtained  by  calculating  the  product  of:  1)  the  amplitude  of  measured 
combustor  pressures,  2)  the  amplitude  of  the  oscillating  heat  release  presented  in  Fig.  13-a,  and  3)  the 
cosine  of  the  phase  between  these  amplitude,  given  in  Fig.  13-b,  to  obtain  the  quantity,  |/f(/)||g'(x,O|cos0- 

The  results  show  that  high  driving  occurred  throughout  the  combustion  region  during  unstable  operation. 
However,  under  stable  operation,  the  magnitude  of  local  Rayleigh  index  was  relatively  small  and  the 
combustion  region  was  effectively  divided  into  regions  that  alternately  drove  and  damped  the  instability. 
These  countering  effects  tend  to  cancel  one  another,  resulting  in  practically  stable  operation.  Both 
diagnostic  methods  were  found  to  be  in  fair  agreement  with  each  other  and  they  properly  revealed  the 
manner  in  which  driving  occurs  in  the  studied  combustors. 

3.  Comparison  With  “Fast”  Active  Control  Result 

In  order  to  elucidate  how  the  manners  in  which  the  “slow”  and  “fast”  active  controls  damp  combustion 
instabilities  are  different,  this  section  compares  both  control  results. 

The  experimental  setup  used  to  investigate  “fast”  active  control  was  same  with  that  used  in  the  Test  II 
except  the  type  of  a  fuel  injector  used,  as  shown  in  Fig.  14.  Instead  of  the  Nanomiser™,  a  fuel  injector 
actuator  (FIA)  was  used  to  modulate  the  fuel  injection  rate  at  the  frequency  of  instability.  On  the  contrary 
to  the  open  loop,  “slow”  controls  (Test  I  and  II),  this  test  has  been  conducted  in  the  closed  loop,  active, 
“fast”  control  experiment:  i.e.,  an  observer  that  determined  the  characteristics  of  the  instability  and  a 
controller  that  generated  control  phase  and  gain  needed  to  damp  the  instabilities  under  the  indicated 
operating  condition. 

The  FIA  consisted  of  a  Terfenol  D  type  magnetostrictive  actuator  that  was  connected  to  a  pintle-type 
injector.  The  time  dependence  of  the  liquid  flow  rate  through  the  FIA  was  controlled  by  a  control  current  to 


a  coil  wound  around  the  actuator.  As  the  control  current  changes,  the  coil’s  magnetic  field  also  changes. 
This,  in  turn,  changes  the  length  of  the  magnetostrictive  rod  (1).  As  the  actuator’s  length  changes,  it  pushes 
the  pintle  (2)  against  a  pressure  force  exerted  by  the  liquid  fuel  supplied  into  the  volume  (3)  between  the 
pintle’s  conical  termination  and  the  FlA’s  casing.  The  resulting  force  imbalance  sets  the  pintle  in  motion. 
As  the  pintle  moves  backwards,  the  annular  clearance  (4)  between  the  two  cones  opens  and  allows  liquid 
fuel  to  flow  through  the  plenum  (5)  into  the  wedge  shape  nozzle  (6).  The  pressure  difference  across  the 
nozzle  (6)  changes  as  the  width  of  the  cross  sectional  area  of  the  annular  clearance  (4)  changes.  This 
pressure  difference  forces  the  liquid  to  move  through  the  nozzle  and  produce  a  spray  in  the  combustor. 

Figure  15  compares  the  pressure  spectra  in  the  combustor  under  the  same  operating  conditions  with  the 
“fast”  active  control  system  (FACS)  “on”  and  “off’  for  “lean”  and  “rich”  instabilities.  The  air  flow  rate  was 
kept  at  12  g/s  and  the  global  equivalence  ratio  <f>  was  changed  by  varying  the  fuel  (n-heptane)  flow  rate.  It 
shows  that  the  FACS  that  in  addition  to  slightly  changing  the  frequency  of  the  oscillations,  the  FACS 
reduced  the  amplitude  of  the  unstable  mode  at  1.1  and  tj>  =  0.4  by  factors  of  8.3  and  3.2,  respectively. 
Figure  16-a  shows  that  the  FACS  significantly  reduced  the  amplitude  of  the  oscillations  all  along  the 
combustor  when  <f>=  1  and  had  little  effect  on  the  amplitude  distribution  when  <j>=  0.45.  Figure  16-b  shows 
that  the  FACS  modified  the  “nearly  flat”  phase  distributions,  which  were  observed  during  unstable 
operation,  to  “continuously  varying”  phase  distributions  similar  to  those  exhibited  by  “stable”  operation  in 
the  “slow”  active  control  test  (see  Fig.  13-b).  For  example,  when  <f>=  1,  the  “controlled”  phase  varied 
between  approximately  —50  and  0  degrees  along  the  first  20  mm.  of  the  combustion  region.  It  then 
gradually  increased  from  0  to  approximately  100  degrees  along  the  section  of  the  reaction  zone  located 
between  20  and  60  mm,  and  it  maintained  a  nearly  constant  value  of  100  degrees  along  the  remainder  of  the 
combustion  region.  It  should  be  pointed  that  the  driving  by  the  combustion  process  is  nearly  zero  when  the 
phase  is  near  90  degrees.  The  comparison  presented  in  Fig.  16-c,  which  describes  the  spatial  variation  of 
the  integrand  of  the  Rayleigh  integral,  i.e.,  dG(x)/dx  (see  Eq.  (2)),  show  that  the  FACS  significantly 
reduced  the  magnitude  of  dG(x)/dx  all  along  the  combustion  zone  when  <j>=  1  and  along  part  of  the 
combustion  region  when  <j>=  0.45. 

The  presented  results  show  that  active  modulation  of  the  fuel  spray  injection  rate  damped  the  instability 
by  essentially  modifying  the  spatial  dependence  of  the  phase  between  the  heat  addition  and  pressure 
oscillations.  Specifically,  the  FACS  replaced  the  “nearly  flat”  phase  distribution,  observed  during  unstable 
operation,  by  one  that  gradually  varied  along  the  combustion  region.  This,  in  turn,  reduced  the  driving  of 
some  regions  of  the  combustion  zone  and  produced  “negative”  driving  (i.e.,  damping)  in  other  regions  of 
combustion  zone.  It’s  also  noteworthy  that  the  gradually  varying  phase  distribution  produced  by  the  FACS 
was  very  similar  to  that  observed  during  the  “slow”  active  control  test.  Both  control  approaches  localized 
the  driving  region  by  modifying  the  combustion  process  heat  release  to  interfere  in  the  primary  driving 
mechanism.  Therefore,  it  was  clearly  shown  that  the  manners  in  which  both  the  “fast”  and  “slow”  active 
controls  damp  the  combustion  instabilities  are  basically  same. 

CONCLUDING  REMARKS 

•  The  effectiveness  of  “slow”  active  control  of  combustion  instabilities  by  modification  of  the  spray 
characteristics  has  been  demonstrated  with  two  different  injectors;  i.e.,  an  effervescent  type  and  a 
proprietary  Nanomiser  injector. 

•  The  dependence  of  the  instabilities  upon  the  fuel  spray  characteristics  and  acoustic  properties  of  the 
combustor  were  also  studied.  It  was  shown  that  the  spray  droplet  sizes  that  produce  maximum  and 
minimum  instability  amplitudes  shifted  to  lower  values  as  the  frequency  of  instability  increased,  as 
expected. 

•  Spatial  distributions  of  CH*-  chemiluminescence  obtained  by  image  deconvolution  revealed  the  presence 
of  vortex-flame  interactions  during  unstable  operation  that  apparently  produces  strong  driving  occurs  where 
the  mean  axial  velocity  is  nearly  zero  just  downstream  of  the  flame  holder. 

•  It  was  clearly  shown  that  the  manners  in  which  both  the  “fast”  and  “slow”  active  controls  damp  the 
combustion  instabilities  are  basically  same:  i.e.,  in  an  effort  to  modify  the  combustion  process  heat  release 
that  will  partially  contribute  to  damping  region  and  interfere  with  the  primary  driving  mechanism. 
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Figure  1.  A  schematic  of  the  test  setup  I. 


Figure  2.  A  Schematic  of  internally  mixed  injector 
/vaporizer. 


Figure  3.  Dependence  of  the  amplitude  and  frequency 
of  the  instability  upon  the  atomizing  air/fuel  ratio  in 
the  injector’s  mixing  tube  for  two  different 
combustor  configurations. 

(a)  Configuration  I:  air  inlet  duct  length  =  520  mm; 

(b)  Configuration  II:  air  inlet  duct  length  =  840  mm. 


Figure  4.  Dependence  of  the  amplitude  and 
frequency  of  the  instability  upon  the  combustor 
leneth  for  the  atomizing  air/fuel  ratio  =  2.05. 


Figure  5.  Response  of  the  amplitude  and  frequency 
of  the  instability  to  changes  in  the  atomizing  air/fuel 
ratio  in  the  injector’s  mixing  tube  and  air  inlet  duct 
length. 


Figure  7.  A  schematic  of  the  liquid-fueled  combustor. 


Figure  6.  A  schematic  of  the  test  setup  I. 
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Figure  8.  Dependence  of  the  Sauter  mean  diameter 
(D32)  and  mean  velocity  of  the  spray  droplets  upon  the 
normalized  injector  power  input  measured  16  mm 
downstream  from  the  injector  tip  with  mj=  0.75  g/s. 


Figure  10.  Dependence  of  the  peak-to-peak  pressure 
amplitude  upon  the  fuel  droplet  mean  diameter  for 
the  four  investigated  combustor  lengths. 
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Figure  9.  Dependence  of  the  amplitude  and  frequency  o 
in  combustors  having  the  following  lengths:  (a)  L  =  390 
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;  combustor  oscillations  upon  the  injector  power  input 
i;  (b)  L  =  500  mm;  (c)  L  =  610  mm;  (d)  L  =  720  mm. 


image  sequence  with 
respect  to  the  pressure 
oscillations. 


Figure  11.  Comparison  of  the  high-speed  CH*-chemiluminescence  images  at  the  most  unstable  and  stable 
operations  for  L  =  500  mm. 


Figure  12.  Spatial  dependence  of  local  Rayleigh 
index  in  the  centerline  plane  of  the  combustor,  L  = 
500  mm. 

(a)  Unstable  operations;  (b)  Stable  operations. 


Figure  14.  A  schematic  of  the  fuel  injector  actuator 
(FIA)  and  combustor  head  used  in  “fast”  active 
control  test. 


Figure  13.  Comparison  of  the  one-dimensional 
characteristics  of  the  oscillatory  combustion 
processes  at  the  most  unstable  and  stable  operations 
of  the  combustor,  L  =  500  mm,  obtained  from  high¬ 
speed  camera  (HSC)  visualizations  and 
photomultiplier  (PMT)  radiation  measurements. 

(a)  Heat  release  amplitude  distribution;  (b)  Phase 
distribution;  (c)  Local  Rayleigh  index  distribution. 
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Figure  15.  Effect  of  actively  controlled  modulation  of  liquid  fuel  spray  on  the  main  unstable  pressure  mode, 
(a)  Suppression  of  the  "Lean"  instability  (<f>- 0.4);  (b)  Suppression  of  the  "Rich"  instability  (</>  =  1.1). 
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Figure  16.  Effect  of  actively  controlled  modulation 
of  liquid  fuel  spray  on  the  oscillating  flame 
characteristics. 

(a)  Heat  release  amplitude  variation;  (b)  Phase  angle 
variation;  (c)  Local  Rayleigh  index  variation. 


